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Opposite regulation of renin gene expression by cyclic AMP and
calcium in isolated mouse juxtaglomerular cells. A quantitative reverse
transcriptase-polymerase chain reaction for mouse renin mRNA was
utilized to study the influence of classic second messenger molecules on
renin mRNA levels in primary cultures of juxtaglomerular (JG) cells
isolated from the kidneys of C57/B16 mice. We found that forskolin
(3 .LM), an activator of adenylate cyclase led to proportional increases of
renin secretion and renin mRNA levels. The nitric oxide (NO) donor,
sodium nitroprusside (100 MM), stimulated both renin secretion and renin
gene expression, the effect on secretion being stronger than that on renin
mRNA levels. An increase of the extracellular concentration of calcium
from 0.5 to 3 ms led to a transient inhibition of renin secretion, followed
by a marked stimulation of secretion and to a continuous suppression of
renin mRNA levels. These were also decreased by the calcium ionophore
A 23187 (1 zM). The membrane permeable 8-bromo-cyclic GMP (100 LM)
inhibited basal renin secretion without an effect on renin mRNA levels.
The phorbol ester phorbol-12-myristate-13-acetate (1 to 100 nM), which
was used to stimulate protein kinase C activity, had no significant effects
on renin secretion and renin mRNA levels, neither alone nor in combi-
nation with forskolin. These findings suggest that cAMP, NO and calcium
are effective regulators of renin gene expression in renal JG cells, in a way
that cAMP and NO are stimulators and calcium acts as an inhibitor.
Moreover, in these acute experiments there appears to be no obligatory
link between the secretion and the expression of renin, suggesting that
both parameters are separately regulated.
The aspartyl protease renin is synthesized, stored and released
by renal juxtaglomerular (JG) cells, which are metaplastically
transformed vascular smooth muscle cells [1—3].
The release of renin from the JG cells is the rate limiting step
in the generation of angiotensin 11, a major determinant of blood
pressure and intravascular volume. Renin is synthesized as pre-
prorenin. In the endoplasmic reticulum, a signal peptide is
cleaved, yielding prorenin, which is enzymatically inactive. Prore-
nm is then packaged in storage granules, where it is activated to
renin by proteolytic cleavage of an N-terminal profragment [4—9].
Therefore, there are several steps of potential control of renin
synthesis and secretion. Evidence obtained in vivo suggests that
renin synthesis and secretion are concomitantly regulated by a
variety of factors, including blood pressure [10—12], sodium
chloride intake [13—19], sympathetic nervous output [20, 21],
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extracellular volume contraction [22, 23], converting enzyme
inhibition [15] and angiotensin II levels [24, 25].
Exocytosis of renin is influenced by the intracellular concentra-
tion of calcium, cAMP, cGMP, as well as protein kinase C activity
[2]. However, the effects of these second messengers in the
regulation of renin synthesis are not well understood. In particu-
lar, it is not known how renin synthesis and renin secretion are
related in renal JG cells. Recently, cyclic AMP has been found to
enhance renin mRNA levels in renal juxtaglomerular cells [26—
29], whereas calcium seemed to be an inhibitory signal [29]. In
chorionic cells, which also express the renin gene, phorbol esters
have been reported to increase renin mRNA levels presumably by
stimulating protein kinase C activity [30, 31]. To our knowledge
no further information exists about the intracellular regulation of
renin gene expression at the cellular level.
We have therefore investigated the influence on renin mRNA
levels of the classic second messengers,in particular calcium, cyclic
AMP, cyclic GMP and nitric oxide, which are known to regulate
renin secretion in renal JG cells [32—34]. We addressed this
question by utilizing a quantitative polymerase chain reaction for
renin mRNA applied onto primary cultures of renal juxtaglomer-
ular cells, as recently described [27]. We found that cyclic AMP
and nitric oxide (NO) increased renin mRNA levels in cultured
JG cells and calcium acted as inhibitor, whereas cyclic GMP and
protein kinase C activity did not influence renin mRNA levels. No
direct link was observed between renin secretion and renin
mRNA levels, thus suggesting that both parameters are separately
regulated.
Methods
Isolation of mouse JG cells
JG cells were isolated from the mouse strain C57B16, which
carries a single renin gene (ren-1 gene) [35], as previously
described [36]. In a typical preparation, the kidneys of 5 male mice
(age 4 to 6 weeks) were removed from anesthetized animals,
decapsulated and minced with a scalpel blade. The minced tissue
was incubated with gentle stirring in buffer 1 (130 mr't NaC1, 5 mM
KC1, 2 mrvt CaC12, 1 m MgCl2, 10 mM glucose, 20 mM sucrose,
10 mM Tris-HCI, pH 7.4) supplemented with 0.25% trypsin and
0.1% collagenase at 37°C for 70 minutes. The material was then
filtered through a 22 pm nylon mesh. Single cells passing through
the nylon were collected and washed with buffer 1 (at 500 g for 10
mm), then resuspended in 4 ml buffer 1, mixed with 60 ml of 30%
isoosmotic Percoll solution, equally distributed in two centrifuga-
tion cups and centrifuged at 27,000 g in a SS-34 rotor and Sorvall
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centrifuge for 25 minutes at 4°C. Four cellular bands differing in
density were apparent. The band containing the highest specific
renin activity (density = 1.07 gIml) was used for primary culture.
Primary culture of isolated mouse juxtaglomerular cells
The cells were rid of Percoll by washing once with 50 ml of
buffer 1. The cells were then suspended in 3 ml culture medium
(RPMI 1640 supplemented with 0.66 U/ml penicillin, 100 p.g/ml
streptomycin and 2% fetal calf serum) and distributed in 100 JLI
aliquots into 96-well plates. The cultures were incubated at 37°C
in a humidified atmosphere containing 5% CO2 in air.
Experiments were performed after 20 hours of primary culture,
unless otherwise indicated. After 20 hours of primary culture, the
culture medium was removed and the cultures were washed once
with culture medium. Fresh culture medium, supplemented as
described above, together with the drugs to be tested or their
respective solvent controls were then added.
Measurement of renin mRNA
Renin mRNA was measured using a reverse transcriptase-
polymerase chain reaction method (RT-PCR) as recently de-
scribed [27].
Sense primer (5'-ATG AAG GGG GTG TCT GTG GGG
TC-3'), which spans the exon 6/exon 7 border of the renin gene,
and antisense primer (5'-ATG TCG GGG AGG GTG GGC ACC
TG-3'), located on exon 8, amplify a 194 bp sequence.
An internal standard consisting of in vitro transcribed RNA
from plasmid pISMR was used to quantify both reverse tran-
scriptase reaction and PCR. The plasmid was constructed from
clone pRn 1-4: complete renin cDNA of 1,427 nucleotides in
length was subcloned into a Bluescript BSISK vector (Stratagene).
Subsequently, a 60 bp linker fragment corresponding to Hind
Ill/Sac I polylinker derived from BSISK was inserted into blunt
ended Bcl I site renin cDNA (942 nuclotides). The Bcl I restric-
tion site is in the amplified renin fragment. Renin cDNA was
prepared as a sense strand from the Sac I digested pISMR
template using T7 RNA polymerase according to the in vitro
transcription protocol of Stratagene. After the reaction, the
template was digested with RNase-free DNase I. Renin cDNA
could not be amplified in the absence of reverse transcriptase,
thus confirming that the internal standard only consisted of
mutated renin RNA.
RT-PCR reaction on cultured cells
Cell lysate preparation. At the end of the incubation experi-
ments, primary cultured cells were placed on ice, the culture
medium was removed and the cells were washed once with
ice-cold PBS buffer. Then, the cells were lysed by adding 40 p.1 of
an ice cold buffer containing 2% Nonidet (NP 40), 10 mM
Tris-HCI (pH 8), 10 mi NaCI, 3 mivi MgCl2 and 0.7% (vol/vol)
mercaptoethanol to each culture well and shaking for 15 minutes
at 4°C. The cellular lysates of two culture wells were pooled for
the determination of renin mRNA. Cell nuclei were removed by
centrifugation at 12,000 g and 4°C for three minutes. Three
microliters of the cytoplasmic fraction were immediately used for
reverse transcription, the remaining part was stored at —20°C for
cellular protein measurement.
RT-reaction. Ten microliters of an ice cold solution containing
10 pmol of the antisense primer, I p.g of yeast tRNA and 5 pg of
the internal standard were added to 3 p.1 of the cytosolic fraction.
Samples were heated for five minutes at 94°C and then chilled on
ice. Then, 10 p.1 of solution A were added and the samples
incubated at 37°C for one hour. Solution A consisted of 22 p.1 of
a 25 mM solution of desoxyribonucleotides, 45 p.! of 5 X RT buffer
(supplied with the reverse transcriptase kit), 6 p.! of the RNase
inhibitor rRNasin (Promega), 6 p.! of bovine serum albumin (20
mg/mI; Bohringer, Mannheim, Germany), 9 p.1 of M-MLV Re-
verse transcriptase (Gibco-Brl) and 20 p.1 of 0.1 M dithiothreitol.
After incubation at 37°C for one hour, the reaction was stopped by
heating the samples for two minutes at 95°C.
PCR. To 3 p.1 of the eDNA solution, 2.5 p.1 of lOx PCR buffer
(supplied with Taq polymerase), 1 p.! (10 pmol) of each primer,
4.5 p.1 of a 25 mrvt MgCI2 solution, 14 p.1 H20 and 5 p.Ci of
32PadCTP were added. Samples were overlaid with mineral oil,
denatured at 94°C for five minutes and cooled to 65°C for five
minutes. After addition of I p.I of 25 mM desoxyribonucleotides
solution and 1.25 U of Taq polymerase (Boehringer Mannheim),
30 PCR cycles consisting of denaturation at 94°C (1 mm),
annealing at 60°C (1 mm) and extension at 72°C (30 sec) were
performed. PCR was completed by a final extension step of 10
minutes at 72°C.
After PCR, the amplification products originating from renin
mRNA or from the internal standard were separated by polyacryl-
amide gel electrophoresis. N,N'-methylene-bis-acrylamide was
replaced by dihydroxyethylene-bis-acrylamide. The bands were
excised, solubilized in 0.025 M periodic acid and counted in a
13-counter. The radioactivity incorporated by renin mRNA was
routinely expressed as percentage of the radioactivity incorpo-
rated by the 5 pg of internal standard.
Measurement of total RNA synthesis. (3H)uridine incorporation
into trichloracetic acid insoluble material was used as measure of
total RNA synthesis, as described [37], in cultures that were
incubated under identical conditions to those used for measure-
ment of renin mRNA, except that 1.9 cm2 multiwell plates were
used. In brief, 0.1 p.Ci 3H-uridine (28 Ci/mmol, Amersham) was
added to the cultured cells during the final three hours of
incubation. At the end of the incubation period the cultured cells
were immediately transferred in a cold room. The cells were
rinsed with 1 ml ice-cold PBS and then covered with I ml ice-cold
20% trichloracetic acid solution to extract TCA soluble nucleo-
sides/nucleotides in situ at 4°C for 50 minutes. After three washes
with ice-cold 10% TCA solution, the cells were dried at room
temperature and solubilized in 1 ml 1 M KOH. Radioactivity was
counted in liquid scintillant after neutralization with 1 M HC1.
Measurement of renin secretion
Experiments on renin secretion were started after 20 hours of
primary culture. At this time, the culture medium was removed,
the cultures were washed once with 100 p.1 RPMI 1640 medium
containing 2% FCS. Then, 50 p.! of culture medium with the
chemicals to be tested were added. Experiments on renin secre-
tion were performed at various times up to 20 hours. At the end
of the experiment, supernatants were collected and centrifuged at
500 to 1,000 g at room temperature to remove cellular debris. The
supernatants were then stored at —20°C for further processing.
Cells were lysed by adding to each culture well 50 p.1 of phosphate-
buffered saline (PBS) containing 0.1% of Triton X-100 and
shaking for 45 minutes at room temperature. The lysed cells were
stored at —20°C for further processing. Renin secretion rates were
estimated from the appearence rate of renin activity in the culture
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medium. To minimize differences among different cell cultures
preparations, renin secretion rates were calculated as fractional
release of total renin [that is, renin activity released/(renin activity
released + renin activity remaining in the cells)]. Renin activity
was determined by its ability to generate angiotensin I from the
plasma of bilaterally nephrectomized rats, as described [38].
Angiotensin I was measured by radioimmunoassay.
The existence of inactive renin was tested by activating super-
natants and cellular extracts with trypsin, as described elsewhere
[36]. In brief, samples were were incubated on ice for one hour
with trypsin concentrations ranging from 0.01 to 1 mg/ml (Trypsin
Type III, 10,000 to 13,000 BAEE U/mg, Sigma). Reaction was
stopped by the addition of soybean trypsin inhibitor and renin
activity measured as described.
Measurement of protein
Cellular protein concentration was determined according to the
method of Mc Knight [39]. Briefly, 20 pJ of the cellular lysate were
layered on a GFC membrane (Whatman Inc, Clifton, NJ, USA)
and precipitated with trichloroacetic acid. Proteins were stained
with 0.25% Coomassie blue, 7.5% acetic acid, and 5% methanol in
water. After washing the membrane with 7.5% acetic acid and 5%
methanol in water, specific staining was eluted in 80% methanol,
and the absorbance was read at 590 nm. Bovine serum albumin
was used as a standard.
Statistics
Levels of significance were calculated using the Kruskal-Wallis
test. A value of P < 0.05 was considered significant.
Results
This study aimed to examine the effects of reagents activating
different second messenger systems on renin mRNA level in
primary cultures of mouse renal JG cells. First, the action of these
drugs on total RNA synthesis rate was investigated. Total RNA
synthesis rates were estimated from three-hour pulse experiments
using 3H-uridine. The chemicals employed were forskolin, 8-
bromo-cyclic GMP, calcium chloride, EGTA, sodium nitroprus-
side and 12-phorbol-myristate-13 acetate. (3H)uridine incorpora-
tion into RNA was determined with 0.4 Ci/ml between 0 and 3,
3 and 6, and 17 and 20 hours after addition of the drugs. Under
control conditions (no drug added) (3H)-uridine incorporation
was not different between the different times and averaged 45,000
7,000 cpm/mg protein for three hours. (3H)-uridine incorpora-
tion measured in presence of the drugs was then related to its
respective control and expressed as percentage of this control
value. As shown in Table 1, forskolin, 8-bromo-cyclic GMP and
PMA did not significantly change Uridine incorporation during 20
hours of incubation. Increasing the extracellular concentration of
calcium from the basal value of 0.5 mmol/liter to 3 mmol/liter also
had no effect on Uridine incorporation during the first six hours of
incubation, but decreased total RNA synthesis rate to about 50%
after 20 hours of incubation. Two mmol/liter of EGTA, which was
used to lower the extracellular concentration of calcium, rapidly
and almost completely inhibited total RNA synthesis.
In all the conditions examined, no inactive renin was detected
by trypsin activation in cell lysates and supernatants.
Figure 1 shows the autoradiogram of a typical RT-PCR exper-
iment on the expression of renin. 32PadCTP was included in the
PCR reaction solution for quantitative analysis of the PCR
Table 1. (3H) uridine incorporation in total RNA
Substance
Time hours
3 6 20
Control 100 100 100
EGTA2mM 4±la 55 3±la
CaCl2 3 mM 88 5 95 8 41 8
Forskolin 3 jiM ND 110 24 90 8
PMAJOnM ND ND 120± 6
8-Br-cGMP ND 98 7 110 17
100 j.ui
Data are expressed as percentage of the control at each different time.
Total RNA synthesis did not vary at the different times. 100% corre-
sponded to 45,000 7,000 cpm/mg protein for 3 hours. Data are means
SEM of 3 experiments. ND is not determined.
a P < 0.05 vs. control.
reactions. Renin mRNA and 5 pg of the internal standard were
amplified from control cells, from cells incubated 20 hours with
forskolin (3 j.tM), 8-bromo-cyclic GMP (100 ILM) or calcium
chloride (3 mM). As judged from the autoradiography, the signal
of renin mRNA in relation to the internal standard was stronger
in forskolin treated cells than in control cells. 8-bromo-cGMP did
not change renin mRNA levels compared to the control, while
increased extracellular calcium clearly reduced renin mRNA.
After autoradiography, the respective bands were excised and
counted by liquid scintillation. The radioactivity incorporated into
the renin band was then related to the radioactivity incorporated
by the 5 pg of the internal RNA standard.
The effect of the cyclic nucleotides cyclic AMP and cyclic GMP
on renin secretion and renin mRNA levels in cultured mouse JO
cells was examined using the adenylate cyclase activator forskolin
(3 jiM) and the membrane permeable 8-bromo-cyclic OMP
(100 jiM). As shown in Figure 2, forskolin led to a rapid
stimulation of renin secretion which held on during 20 hours of
incubation. The overall effect after 20 hours was a 2.5-fold
stimulation of renin secretion (Table 2). Forskolin also led to a
2.5-fold increase of renin mRNA levels, that were already stimu-
lated after three hours and reached a plateau after six hours.
8-bromo-cGMP on the other hand led to a relative decrease of
basal renin secretion that was more pronounced during the first
six hours of incubation. At the same time, the cGMP analog did
not significantly change renin mRNA levels in the cultured JG
cells (Fig. 2).
The next set of experiments was done to evaluate the effect of
calcium on renin secretion and on renin mRNA levels. Lowering
the extracellular concentration of calcium into the submicromolar
range by the use of calcium chelators is an established method to
stimulate renin secretion from different JG preparations including
primary cultures of mouse JG cells. As demonstrated in Table 1,
lowering of extracellular calcium by the addition of 2 mmol/liter
EGTA led to a rapid and almost complete inhibition of total RNA
synthesis in the primary cultures of JO cells. A similar inhibition
of total RNA synthesis in primary cultures of mouse JG cells was
found with calmodulin antagonists at concentrations effective
on renin secretion (not shown). These findings suggested that
calcium/calmodulin activity is generally required for RNA synthe-
sis in primary cultures of mouse JO cells, and therefore it
appeared unreasonable to further investigate the effects of cal-
cium deprivation or calmodulin inhibition on renin mRNA levels
in the cultured JG cells. Therefore, the influence of calcium on
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Fig. 1. Autoradiogram of a RT-PCR for mouse renin utilizing internal RNA standard (St) and RJ'JA from cultured mouse renal juxtaglomendar cells. Each
PCR reaction was done in presence of 5 jzCi 32PndCTP, renin and internal standard were separated on a 8% agarose gel. 1 control, 2 8-Br-cGMP (100
,LLM), 3 CaCI2 (3 mM), 4 forskolin (3 !LM), 5 internal RNA standard alone.
400
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Fig. 2. A. Renin secretion from cultured mouse renal juxtaglomerular cells
in presence of vehicle (0, control), forskolin (A, 3 i) and 8-bromo-cGMP
(0, 100 p.51). Renin secretion is given as percentage of total renin activity
(that is, sum of intra- and extracellular renin activity) of the respective
culture wells. Within one cell preparation, total rcnin activity was not
different between the different times of incubation and was not influenced
by the different chemicals used in this study. After 20 hours of culture,
total renin activity was 9.4 0.9 ng angiotensin I per hour per microgram
cell protein for control cultures, 9.0 1.0 for forskolin- and 9.8 1.1 for
8-br-cGMP-treated cultures. Data are mean SCM of 4 experiments. *p <
0.05 vs. control. B. Influence of forskolin and of 8-bromo-cGMP on renin
mRNA levels in the cultured mouse juxtaglomerular cells. Renin mRNA
levels are expressed as percentage of the respective vehicle control. 100%
corresponded to 7.1 0.6 pg renin mRNA per microgram cell protein
(N = 20). Data are means SEM of 6 experiments at 3 and 6 hours, and
of 8 experiments at 20 hours. *p < 0.05 vs. control.
Table 2. Comparison of the 20 hours effect of different agents on renin
mRNA levels and renin secretion from cultured mouse juxtaglomerular
cells
Substance
Renin mRNA levels Renin secretion
% of control
Control 100 100
Forskolin 3 pM 261 17 (N = 8) 247 26 (N = 4)
8-Br-cGMP 99 8 (N= 8) 52±6 (N= 4)
100 p.M
CaCI2 3 mM 39 5 (N = 6) 354 32 (N 4)
SNP100p.i'i 145±14 (N6) 270±22 (N'4)
PMA 10 nM 104 12 (N = 6) 93 7 (N 4)
renin secretion and renin mRNA levels was monitored by increas-
ing the extracellular concentration of calcium (Fig. 3) and by using
the calcium ionophore A 23187 (Fig. 4), maneuvers which are
better tolerated by the cultured JG cells.
An increase of the extracellular calcium concentration up to
3 mmol/liter led to a slight attenuation of basal renin secretion
during the first hour of incubation (Fig. 3A). This phase was
followed by a marked stimulation of renin secretion which held on
until the end of the experiments after 20 hours (Table 2). In the
presence of increased extracellular calcium, renin mRNA levels
rapidly declined to about 40% of the control value within three
hours of incubation, and this suppression of renin mRNA levels
remained stable throughout the time of the experiment (Fig. 3B;
and Table 2). Administration of the calcium ionophore A 23187
20 (1 p.M) produced a similar decrease of renin mRNA levels. This
effect was transient, and after 20 hours of incubation renin mRNA
levels were not significantly different from the control (Fig. 4). At
the same time, total RNA synthesis rates remained unchanged, as
judged from uridine incorporation experiments (Fig. 4).
In view of the opposite effects of calcium and cAMP on renin
mRNA levels, it appeared of interest to examine the combined
action of both second messengers. Therefore cells were incubated
for six hours with either forskolin (1 p.M), 3 mM CaC12 or with a
combination of both. As shown in Figure 5, forskolin alone
increased and calcium chloride alone decreased renin mRNA
levels. In the presence of both, forskolin and increased calcium,
renin mRNA levels were not different from those found in the
untreated control cultures (Fig. 5).
Nitric oxide donors such as sodium nitroprusside (SNP) influ-
ence renin secretion in a similar fashion as an increase of the
Renin —4.
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Fig. 3. Influence of increasing extracellular calcium to 3 mM (Li) and of
sodium nitroprusside (E, /00 M) on renin secretion (A) and on renin
mRNA levels (B) in cultured mouse juxtaglomerular cells. Symbol (0) is
control. Values for renin secretion and renin mRNA levels are expressed
as explained in Fig. 2. After 20 hours of culture, total renin activity was
10.1 1.1 ng angiotensin 1/hr/rg cell protein for control cultures, 9.8
1.6 for CaCl2 and 11.5 1.2 for SNP-treated cultures. For renin mRNA
levels, 100% corresponded to 7.9 0.8 pg renin mRNAI.cg cell protein
(N = 18). Data for renin secretion are means SEM of 4 experiments,
whereas data for renin mRNA are means SEM of 6 experiments. *p <
0.05 vs. control.
extracellular concentration of calcium [33, 34]. This prompted us
to compare the effects of increased extracellular calcium and of
SNP on renin secretion and on renin mRNA levels. As shown in
Fig. 3, SNP (100 I.LM) caused similar temporal changes of renin
secretion as did 3 mmol/liter calcium, although with smaller
amplitude. Renin mRNA levels were significantly elevated six
hours and 20 hours after addition of SNP. The increases of renin
secretion and of renin mRNA levels by SNP were nonpropor-
tional; the overall effect of SNP after 20 hours was a 100%
increase in renin secretion but only a 50% increase in renin
mRNA levels.
Finally, the influence of protein kinase C activity on renin secre-
tion and on renin mRNA levels was examined using the protein
kinase C activator phorbol-12-myristate-13-acetate (PMA). As
shown in Figure 6, lower concentrations of PMA (ito 10 nmol/liter)
tended to lower basal renin secretion during 20 hours of incubation.
Time of incubation with 1 l.tM A 23187, hours
Fig. 4. Influence of the calcium ionophoreA 23187(1 pM) on renin mRNA
levels (0) and total RNA synthesis (•) in cultured mouse juxtaglomerular
cells. Values are expressed as percentage of their respective vehicle
controls. For renin mRNA levels, data are means SEM of 6 experiments.
100% corresponded to 6.9 1.0 pg renin mRNA/pg cell protein (N = 18).
Data for total RNA synthesis are means SEM of 3 experiments. 100%
corresponds to 45,000 7,000 cpm/mg cell protein for 3 hours. *p < 0.05
vs. control.
Renin mRNA levels were not changed by PMA in the concentration
range between 1 and 100 nmoliliter after 20 hours of incubation.
Since it has been reported that phorbol ester and cyclic AMP exert
synergistic effects on reniii secretion and renin gene expression in
chorionic cells [30, 31], we also tested the combination of PMA plus
forskolin in the primary cultures of mouse JG cells. As shown in
Figure 7, PMA (10 nmol!liter) neither changed the stimulatory effect
of forskolin (1 ELM) on renin secretion nor on renin mRNA levels.
Discussion
Apart from cAMP, the NO-donor, sodium nitroprusside (SNP),
also stimulated renin expression in the mouse JG cells (Fig. 3).
Recently, we showed that SNP is a potent stimulator of renin
secretion from isolated perfused kidneys [42] and from isolated
JG cells [34]. The stimulatory effect of nitric oxide, considered to
be identical with EDRF [43], on renin mRNA levels in JG cells is
also in accordance with the observation that inhibition of EDRF
formation significantly attenuated the stimulation of renal renin
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This study aimed to address two main questions, namely the
influence of classic second messenger systems on renin mRNA
levels in JG cells and the interrelation between second messenger
controlled renin secretion and renin mRNA levels.
Our findings (Fig. 2) show and thus confirm several previous
reports that cyclic AMP is a stimulator of renin mRNA levels in
renal JG cells [26—291. Nakamura et al [40] and Horiuchi et al [41]
reported a 2.5- to 3-fold increase in the promoter activity of the
mouse Ren1d renin gene in response to cAMP, suggesting a
regulation at the transcriptional level [40, 41]. Recent results
obtained with cultured mouse JG cells provided additional evi-
dence that cAMP leads to a marked stabilization of renin mRNA,
thus raising the possibility that the effect of cAMP is due to
inhibition of mRNA degradation and to activation of transcription
[28].
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Fig. 5. Influence of forskolin (3 pM) and of increased extracellular calcium
(3 mM) on renin mRNA levels in cultured mouse jwctaglomerular cells after
6 hours of incubation. Data are means SaM of 6 experiments. 100%
corresponds to 7.7 2.9 pg renin mRNAJg cell protein (N = 6). p <
0.05.
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0 1 10 100 PMA,nM
Fig. 6. Influence of increased doses of pho rbol-12-myristate-13-acet ate
(PMA) on renin secretion (0)and renin mRNA levels (•) incultured mouse
juxtaglomerular cells after 20 hours of incubation. Values are expressed as
percentage of the respective vehicle controls. Data for renin secretion are
means SCM of 4 experiments. At control conditions, total renin activity
averaged 8.8 0.9 ng angiotensin IIhrIig cell protein and was not
influenced at the different experimental conditions. Data for renin mRNA
levels are means SEM of 6 experiments. 100% corresponded to 7.5
3.0 pg renin mRNAJxg cell protein (N = 6).
Fig. 7. Influence of forskolin (3 1151) and of phorbol-12-myristate-13-acetate
on renin secretion (A) and on renin mRNA levels (B) in cultured mouse
juxtaglomerular cells after 20 hours of incubation. Values for renin secretion
and renin mRNA levels are expressed as explained in Fig. 2. Data for
renin secretion are means SEM of 4 experiments. Total renin activity was
8.4 0.9 ng angiotensin I/hr/g cell protein for control cultures, 7.5 1.3
for forskolin-, 8.5 1.1 for PMA-, and 7.7 1.4 for forskolin/PMA-
treated cultures. Data for renin mRNA levels are means SCM of 6
experiments. 100% corresponded to 6.5 2.2 pg renin mRNA/g cell
protein (N = 6). P < 0.05 vs. control.
agonist isoproterenol in cultured mouse JG cells [27]. How NO
regulates renin mRNA levels remains to be clarified. It seems
reasonable to assume that NO stimulates renin expression by an
as yet unidentified mechanism, because stimulation of renin
secretion by NO in isolated juxtaglomerular cells has recently
been shown to be most likely independent from cyclic GMP or
cyclic AMP formation [34]. Cyclic GMP, which mediates the NO
effect in a variety of organs [44, 45], inhibited renin secretion but
had no influence on renin mRNA levels (Fig. 2). Although renin
secretion was similarly changed by NO and increased extracellular
calcium (Fig. 3), the existence of different signaling pathways in
controlling renin expression seems likely, considering the opposite
effect exerted on renin mRNA levels. For completeness, it should
be mentioned in this context that no clear consensus exists about
the influence of nitric oxide on renin secretion. Under certain
circumstances, an inhibition of renin release by nitric oxide has
been reported [46, 47].
The intracellular concentration of calcium is considered to play
a major control function on renin secretion: calcium exerts an
inhibitory signal for renin release, a phenomenon described as
"the calcium paradox" [2, 32]. In isolated juxtaglomerular cells
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calcium exerts a dual effect on renin secretion, which is a transient
inhibition followed by a long lasting stimulation of renin secretion
[33]. It therefore appeared of interest to investigate the regulation
of renin expression by calcium. Since the intra- and extracellular
concentrations of calcium are linked in renal JO cells [33, 48], we
attempted to modulate the intracellular calcium concentration by
changing the extracellular concentration of calcium. Our results
show that calcium deprivation leads to a rapid breakdown of
transcription. A similar effect was found with calmodulin antago-
nists (data not shown), suggesting that calcium/calmodulin activity
is essentially required for transcription in these cell cultures. This
conclusion is in accordance with our previous observations that
calcium deprivations or calmodulin antagonists strongly inhibited
protein synthesis in primary cultures of mouse JO cells [49]. In
view of these findings, it appeared unreasonable to further
examine the effects of calcium deprivation on renin expression.
Therefore, we studied the effect of calcium by increasing the
extracellular concentration from 0.5 to 3 mmol/liter and by using
the calcium ionophore A 23187. Increasing the extracellular
concentration of calcium leads to a marked decrease of renin
mRNA levels within three hours (Fig. 3), when total RNA
synthesis was normal. Longer exposition to increased extracellular
calcium also led to a reduction of total RNA synthesis to similar
levels as did renin mRNA, making the interpretation of the results
more difficult. The A 23187 exerted a transient suppression of
renin mRNA levels without affecting total RNA synthesis (Fig. 4).
A similar transient down-regulation of gene expression in re-
sponse to calcium ionophores has been reported for c-myb mRNA
levels in Friend erythroleukemia cells [50]. Our results are,
moreover, in agreement with the results obtained by Rayson [29]
with cultured rat JG cells, reporting an inhibition of renin mRNA
to 30% of control levels following two hours of incubation with
the calcium ionophore, ionomycin. This rapid suppression of
mRNA levels could be attributed to a breakdown of transcription
or to degradation of mRNA in response to elevated intracellular
calcium concentrations. The cells seemed to adapt to this high
calcium concentration and after a time delay "normal" conditions
were restored.
The phorbol ester PMA in a concentration range between 1 and
100 nmol/liter was used to investigate the influence of protein kinase
C activity on renin expression. This broad concentration range was
chosen to assess possible effects related to activation or to down-
regulation of protein kinase C activity, which occurs at concentra-
tions of 100 nmolJliter in JG cells [51]. Since PMA was without effect
on renin mRNA levels in the whole concentration range tested (Figs.
6,7), we infer that protein kinase C activity does not play a major role
in regulating renin mRNA levels in renal JG cells.
Renin expression appears, therefore, to be differently regulated
in JG cells compared to chorionic cells, which are an important
extrarenal site of renin production. In human chorionic cells,
renin expression appeared to be essentially stimulated by the
activity of protein kinase C alone or in synergistic action with
cAMP [30, 31]. Cyclic AMP alone had no effect on renin mRNA
level in chorionic cells [30]. Such a difference could be explained
in view of the ontogenic differences between renal JG cells
deriving from vascular smooth muscle cells, and chorionic cells
deriving from fetal placental cells.
Assuming that increased intracellular calcium concentration
inhibits renin expression, whereas protein kinase C has no influ-
ence on it, our findings could provide a first hint for the
understanding of renin expression in the whole kidney. It is well
known that angiotensin II and increased renal perfusion pressure
inhibit renin secretion and renin expression [2, 24, 25]. Since both
factors are considered to increase the intracellular concentration
of calcium in JG cells [48, 52], this last event could be responsible
for the suppression of renin gene expression in a way which does
not involve protein kinase C activation.
In vivo experiments have provided evidence that the major
physiological regulators of the renin system, such as the blood
pressure or the rate of NaCl intake, lead to concordant changes of
renin secretion and renin gene expression in the kidneys [2,
13—15]. It is not known how this link between renin secretion and
renin gene expression is managed at the level of renal JG cells.
The findings of this study suggest that there is no obligatory link
between renin mRNA levels and renin secretion in isolated JG
cells (Table 2). No inactive renin was detected at all the experi-
mental conditions examined, suggesting that in mouse JG cells the
conversion of prorenin is not the critical step in the production of
active renin. While cAMP led to proportional increases of renin
secretion and of mRNA levels, the stimulatory effect of nitric
oxide was stronger on renin secretion than on renin expression.
Cyclic GMP on the other hand inhibited renin secretion without
changing steady-state renin mRNA levels in the JG cells. More
complex is the situation in which the calcium concentration was
elevated. In accordance with our previous results [33], we found
that an increase of calcium led to a transient attenuation of renin
secretion followed by a powerful stimulation of secretion. The first
inhibitory phase is considered to represent the classic paradox effect
of calcium on secretion in JO cells, while the second stimulatoiy
effect may be related to the typical stimulatory effect of calcium in
secretory cells. Our findings show that renin gene expression does
not follow this dual effect of high calcium on renin secretion, but
remains suppressed even during the strong stimulation of secretion
by calcium. Thus, both parameters appear to be separately regulated,
what may result in either proportional or nonproportional changes of
renin secretion and renin gene expression (Table 2).
In conclusion, renin mRNA levels in JG cells appears to be
essentially regulated by the intracellular concentration of calcium,
by cylic AMP and by NO, Our findings suggest that calcium and
cyclic AMP are capable of neutralizing each other in their effects
on renin mRNA levels in JG cells (Fig. 5). Other second
messengers which are supposed to influence renin secretion had
no influence on renin mRNA levels. The discordance between
renin secretion and renin mRNA levels induced by cGMP or
elevated calcium levels suggests that there is no direct effect of
renin secretion or cellular renin content on renin mRNA levels.
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